INTRODUCTION
The cathodic oxygen reduction reaction (ORR) is of great promise in solving the worldwide energy crisis in the near future. With the rapid development of the various research fields related with ORR, the ongoing improvement of ORR for these applications is greatly demanded [1] [2] [3] . How to simultaneously minimize the ORR procedure of a two-electron transfer with the production of H 2 O 2 as the intermediate, while maximize an efficient four-electron process to generate H 2 O as the end product, is essential for the promotion of the sluggish ORR kinetics. Although noble metal-based electrocatalysts (e.g., Pt/C) have largely elevated the efficiency of electron transfer via an ideal ORR process, the crossover effects, CO poisoning, unsatisfactory stability ARTICLES SCIENCE CHINA Materials electron distribution, becoming countless ORR active sites [21] . Undoubtedly, the N-CNTs are qualified as more favorable substrates for the anchoring of Fe 2 O 3 for catalytic ORR. This assembly structure can avoid the defects on weak conductivity and agglomeration of Fe 2 O 3 particles during electrochemical process. More importantly, it exerts superiorities of the self-construction, resulting in an optimal exposure of activate sites and electron holes for ORR. In this sense, it is wise to take N-CNTs as the support to synthesize γ-Fe 2 O 3 or α-Fe 2 O 3 /N-CNTs hybrids for effective ORR, which reveal the different ORR performance deriving from the different crystal structure Fe 2 O 3 /N-CNTs.
Here in, γ-Fe 2 O 3 /N-CNTs and α-Fe 2 O 3 /N-CNTs were synthesized by following a two-step synthesis method modified from our previous work [8] . Firstly, the precursor of iron-contained grain coated CNTs nanocomposite was heated at 140 o C in the air to form ferric oxides/CNTs. These intermediates were further treated by calcination in nitrogen/a mmonia atmosphere at 450 and 650°C, respectively. During nitrogen annealing, the formation of different crystals of Fe 2 O 3 and the doping of nitrogen on CNTs were respectively accomplished. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were employed to characterize the γ-Fe 2 O 3 /N-CNTs and α-Fe 2 O 3 /N-CNTs. The results indicated that the well-defined γ-Fe 2 O 3 nanotubes and α-Fe 2 O 3 nanospheres were well supported on the surface of N-CNTs with nitrogen loading of less than 2%. In comparison, α-Fe 2 O 3 /N-CNTs nanocomposites exhibit better catalytic performance for ORR with a predominantly four-electron transfer pathway than that of γ-Fe 2 O 3 /NCNTs, N-CNTs and CNTs. The superb methanol tolerance and long-term catalytic stability of the two nanocomposites compare favorably to those of commercial Pt/C in alkaline condition, indicating great promise for their practical utilization in fuel cells. 6 ], KCl and KOH were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Nafion stock solution (5 wt.%, Dupont) was supplied by Alfa Aesar. CNTs (99.99%, 325 mesh) were obtained from Tsinghua University (Beijing, China). Ultrapure water used in this experiment was generated by a Millipore Water Purification System (Advantage 10, Millipore) with a resistivity of ≥ 18.2 MΩ cm. All reagents were analytically pure and used as received.
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Synthesis of N-CNTs, γ-Fe 2 O 3 /N-CNTs and α-Fe 2 O 3 /N-CNTs
The activation process of pristine CNTs by nitric acid (HNO 3 , 68 wt.%) was followed by the reported literature and prepared for further utilization [22] . The N-CNTs were synthesized by an annealing method [23] , in which the activated CNTs were heated at 800°C with a rate of 5°C min −1 in N 2 /NH 3 (v/v = 2:1) gas and held for 3 h. The resulting black products were washed by ultrapure water and ethanol for three times. For the synthesis of the two different crystal ferric oxides supported N-doped CNTs nanocatalysts [8, 24] , 100 mg of activated CNTs were stirred at 600 rpm in ethanol-water (v/v = 5%) solution at room temperature for 1 h, followed by 10 min of ultrasonic treatment. Subsequently, 0.35 mL fresh 0.1 mol L −1 aqueous FeCl 3 ·6H 2 O was added quickly and the solvent was dried at 60°C for 12 h. Finally, the dried composites were gradually heated to 140 o C in air and kept for 8 h, then heated to 450°C in N 2 / NH 3 (v/v = 2:1) gas with 2°C min −1 and held for 3 h, resulting in the products of α-Fe 2 O 3 /N-CNTs; as it was heated to 650°C in the same N 2 /NH 3 condition with 2°C min −1 and held for 3 h, γ-Fe 2 O 3 /N-CNTs were thus synthesized.
Characterization
The crystal structure was determined using XRD measurements ( Bruker D8 Advance) between 10° and 80° at a scan step of 20° min −1 operating at 40 kV and 30 mA using Cu Ka radiation. TEM and high-resolution TEM (HR-TEM) images were obtained with a TEM H-800 (Hitachi, Japan) at an accelerating voltage of 220 kV. Energy-dispersive X-ray spectrum (EDS) was analyzed b y an energy dispersive spectroscopy analyser attached to the HRTEM. The XPS data was performed with an AXIS-Ultra instrument (Kratos Analytical, UK) using monochromatic Al Ka radiation (225 W, 15 mA, 15 kV). Binding energies were standardized with the C 1s line at 284.80 eV. Raman spectra were recorded on a microscopic confocal Raman spectrometer (JY Lab Raman HR 800) with an excitation laser source of 785 nm.
Electrochemical measurements
The conventional three-electrode system was assembled with an as-s ynthesized nanocatalyst-coated glassy carbon electrode (GCE), an Ag|AgCl/KCl (saturated) reference electrode and Pt wire as a counter electrode. The GCE should be polished by using 0.3 mm aluminium oxide slurry and washed with ethanol and ultrapure water in sequence in an ultrasonic bath before being used. Catalyst ink was obtained by mixing solid catalyst (2 mg) with Nafion solution (1 mL) under sufficient sonication for 30 min. Finally, 6 and 20 mL of the prepared inks were dropped onto the (Fig. 2d) .
RESULTS AND DISCUSSION
To reveal the morphologies and microscopic structures, the synthesized γ-Fe 2 O 3 /N-CNTs and α-Fe 2 O 3 /N-CNTs were characterized by TEM and HRTEM. As shown in Fig.  3a , the cubic γ-Fe 2 O 3 being spiral growth along the different axis centers is stably distributed on the compact three-dimensional (3D) spaces formed by the stacked CNTs. The interlaced CNTs are highly interconnected, providing stable spaces for the formation and dispersion of Fe 2 O 3 nanoparticles, and also enhancing the multidimensional electron transfer pathways. The corresponding HRTEM image (Fig.  3b) demonstrates that a well-defined crystalline lattice can be observed with a spacing of 2.51 Å, matching with the mainly exposed (311) face of γ-Fe 2 O 3 nanocrystal. The inset of Fig. 3b illustrates its deductive schematic drawings of the exposed (311) faces of cubic γ-Fe 2 O 3 according to the HRTEM. In Fig. 3c , the as-synthesized α-Fe 2 O 3 shaped like an ellipsoid with the approximate size of 100 nm scattering on the CNT surface can be clearly seen. The inset in Fig.  3c shows the parallel results of component of iron, carbon, nitrogen and oxygen in α-Fe 2 O 3 /N-CNTs. While, as a result of thermal processing of ferric oxide to 650 o C in N 2 /NH 3 , the dominant face of α-Fe 2 O 3 has been changed to (104) with an exact measured lattice of 2.69 Å (see Fig. 3d ).
The The electron transfer ability of nanocatalysts was also investigated by EIS. As shown in Fig. 4b 
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where J is the measured current density, J K and J L are the kinetic and diffusion limiting current densities, ω is the electrode rotating rate (ω = 2pN, N is the linear rotation speed), n is the overall number of electrons transferred in the oxygen reduction, F is the Faraday's constant (96,485 C mol −1 ), C 0 is the bulk concentration of O 2 , D 0 is the diffusion coefficient of O 2 in the KOH electrolyte, υ is the kinematic viscosity of the electrolyte, and k is the electron transfer rate constant.
As shown in Figs 5b and d, according to Equations (1 and 2), the n value of γ-Fe 2 O 3 /N-CNTs was calculated to be 3.11 at −0.60 V, while the resulting n value was 3.37 for α-Fe 2 O 3 /N-CNTs. This result illustrates that both the kinetic ORR process via γ-Fe 2 O 3 /N-CNTs and α-Fe 2 O 3 /NCNTs was a combination of two-electron and four-electron reaction pathways. Nevertheless the α-Fe 2 O 3 /N-CNTs performed more closer to a four-electron ORR pathway that reduced O 2 directly to OH − in alkaline oxygen reduction compared with γ-Fe 2 O 3 /N-CNTs, indicating that the structured N-CNTs with α-Fe 2 O 3 nanoparticles exhibited abundant oxygen reduction active reaction sites. It can be inferred that except for the nitrogen doping site can serve as catalytic center for ORR, α-Fe 2 O 3 further provided more ORR "hotspot" than γ-Fe 2 O 3 . In addition, the average n value of N-CNTs calculated from the diffusion potential ranges (−0.4 to −0.6 V) was 2.66 (inset in Fig. S1 ), demonstrating that it possessed weaker catalytic activity for ORR than γ-Fe 2 O 3 /N-CNTs and α-Fe 2 O 3 /N-CNTs, not to mention the commercial Pt/C (n = 3.89, see Fig. S2 ). From the above results, it is suggested that the introduction of α-Fe 2 O 3 and γ-Fe 2 O 3 to N-CNTs could enhance the catalytic performance towards oxygen with abundant exposed active sites. The simultaneous pyrolysis of Fe 2 O 3 and nitrogen doping procedure endowed the nanocatalysts not only with pyridinic-and quaternary-N for stimulating ORR, but also with the specific crystal type of Fe 2 O 3 as added active ORR sites.
The electrocatalytic performance in the resistance of methanol crossover and long-term stability are of great importance for the promising industrial application in fuel cells. In Fig. 6a, a clear 
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distortions not only provided more ORR active sites than that of γ-Fe 2 O 3 , but also decreased the difficulty of nitrogen doping on CNTs, resulting in more N doped active sites for ORR. Both the γ-Fe 2 O 3 /N-CNTs and α-Fe 2 O 3 /N-CNTs show excellent catalytic stability and methanol resistance, which make them ideal candidates of non-noble ORR catalysts for fuel cells application.
